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Abstract
Palaeolimnological studies rely on assumptions regarding the distribution and completeness of lake depos-
its that are not always fully supported by observations. In particular, the assumption that “focusing” of sus-
pended sediments leads to preferential deposition in the deepest part of a lake is not always justified,
especially in upland lakes subject to energetic wind forcing. Few studies have investigated the hydrodynamic
controls on lake sediment focusing, especially the importance of wind-driven currents in deep water. We
combine a three-dimensional numerical hydrodynamic and suspended sediment model (FVCOM) with a
semi-empirical wind wave model to investigate the potential mobility of bottom sediments in a small oligo-
trophic upland lake (Llyn Conwy, north Wales, UK). Exploratory simulations of wave- and current-generated
bottom stress and suspended sediment dynamics confirm the expected importance of wave-generated bottom
stresses in shallower waters (< 3 m depth) around the shore. Field survey shows that lake sediments are
largely absent from this zone. This is consistent with peripheral wave action as a sediment focusing mecha-
nism. In deeper water, wind-driven currents become the dominant contributor to bottom stress. Strong wind
forcing events drive an energetic circulation with peak bottom stresses that intermittently exceed any realistic
erosion threshold over a large proportion of the lake at depths far below those at which waves can be effec-
tive. The spatial distribution of lake sediments, and the completeness of the sediment record, is thus deter-
mined by a complex interaction between wind-driven circulation and bathymetry, rather than by bathymetry
alone. Although our sediment dynamics simulations are purely exploratory, the results are consisted with sur-
vey results that show a patchy distribution of deep-water accumulation. Some implications of these results
for the selection of sediment coring locations and the interpretation of sediment records are considered.
Although lakes are often considered less complex than
many other sedimentary environments (e.g., Ha˚kanson
1981; Leeder 1982; Margalef 1983), there is considerable
interest in their sediment dynamics on account of the
importance of lakes as archives of past environmental condi-
tions (e.g., Ha˚kanson 1984; Stumm 1985; Imberger 1998).
Sediment accumulation is driven by a variety of physical,
geochemical and biological processes, and the resulting sedi-
ment sequences record important information on changing
environmental conditions within lake water bodies (Battar-
bee 1978) and their catchments (Davis 1969; Foster et al.
1988; Smol 1992), as well as broader scale changes in climate
(Fritz 1996; Battarbee 2000; Solovieva et al. 2005; Wang
et al. 2008). Sedimentation may be quite rapid, often of the
order of a few mm yr21 (Brothers et al. 2008) and the high
preservation potential (Leeder 1982; Verschuren 1999)
potentially allows more-or-less continuous reconstruction of
environmental changes at decadal resolution or better (e.g.,
Stern et al. 2005). Many glacial lakes are characterized by
annually laminated sediments, which reflect seasonal varia-
tion in meltwater and clastic sediment input (Itkonen and
Salonen 1994) and provide an absolute incremental chronol-
ogy (O’Sullivan 1983; Gajewski et al. 1997). Elsewhere, lake
sediments tend to be massive and their use for palaeolimno-
logical studies depends on good chronological control, as
well as the assumption that the depth of homogenization of
the sub-fossil record due to resuspension and vertical mixing
is less than the sampling interval (Larsen and MacDonald
1993).
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Quantitative analysis of lake sediment accumulation is
complicated by the tendency of deposited sediments to be
resuspended within shallow marginal areas and transported
progressively to deeper waters; Likens and Davis (1975)
coined the term “sediment focusing” to describe this set of
processes. Gross accumulation rates, as measured by short-
term sediment trap deployments, are typically higher in
shallow areas as a result of resuspension by waves and cur-
rents (Evans 1994). Deeper areas, especially in stratified lakes,
are not directly influenced by wave-induced bottom stresses
and typically experience less energetic currents (Ha˚kanson
1977; Verschuren 1999) and higher net accumulation rates
(Davis 1969).
The work of Hilton (1985) and Hilton et al. (1986a) has
been especially valuable in providing a conceptual frame-
work for understanding sedimentation in small lakes. Hilton
et al. (1986a) identified 10 distinct mechanisms for sediment
dispersal. Four of these are potentially associated with
sediment focusing: peripheral wave action; intermittent
complete mixing; slumping and sliding; and organic degra-
dation. From a multi-core study of Esthwaite Water, a small
eutrophic lake in the English Lake District, they concluded
that processes associated with sediment focusing accounted
for 59% of the variance in sediment accumulation rate. Of
these, peripheral wave action and intermittent complete
mixing appeared to be the most important.
The assumption that sediment focusing is the main mech-
anism controlling the distribution, thickness, and complete-
ness of lake sediment sequences often guides the selection of
coring locations in palaeolimnological studies (Dearing
1986; Gilbert 2003). Rowan et al. (1995), for example, pre-
sent a sampling framework for 210Pb dating based on the
mud deposition boundary depth (Rowan et al. 1992). This
interprets lake bathymetry to identify erosional, deposi-
tional, and transitional zones according to the effectiveness
of wave resuspension. Coring can then target the deposi-
tional zone. However, sediment accumulation patterns are
often more complex than a simple depth-related focusing
model implies. In very shallow lakes, extensive areas of the
bed may be resuspended by the bottom stress due to wind
waves (Blom et al. 1992; Cyr 1998; Kazancı et al. 2010). In
deeper lakes, wave re-suspension tends to be restricted to
shallow areas around the shoreline and wind-driven currents
are more important for sediment dispersal within the main
lake basin. At a Holocene time scale, the focus of sedimenta-
tion may change as basin infilling alters the water circula-
tion (e.g., Davis and Ford 1982; Blais and Kalff 1995).
Although wind-induced currents (Lou et al. 2000) and seich-
ing (Gloor et al. 1994) are known to influence foci of sedi-
mentation within large lakes, few studies have investigated
their efficacy and effect on the preservation potential of
deeper water sediment sequences in small lakes. An excep-
tion is Odgaard (1993) who used 36 sediment cores to deter-
mine the thickness of Holocene sediments in small Danish
lake. A key inference from this unusually intensive study
was that wind-driven currents as well as waves exert an
important control on the location and thickness of deposits.
Direct observation of sediment exchange between the
water column and lake bed is difficult. Trap studies provide
insights into cumulative fluxes, but a higher time resolution
is needed to resolve wind-driven resuspension that may be
very intermittent, especially at greater depths. This favors
the use of automated sensors but these are susceptible to
long-term calibration drift, and are not always effective at
the low suspended sediment concentrations found in many
lakes. An alternative is to approach the problem through
exploratory modeling to determine the most important con-
trols on sedimentation. One of the few model studies is that
by Mackay et al. (2012), who showed that wind-driven cur-
rents were sufficient to mobilize small sediment grains at all
depths (up to 8.5 m) within Esthwaite Water. However, their
study uses a simple analytical relation between wind forcing
and the surface current and its decay with depth (Smith
1979).
In this paper, we describe the implementation of a 3D
hydrodynamic model and linked wind wave and sediment
transport models to more fully investigate the interplay
between wind-induced currents and bottom sediment dynam-
ics. An upland lake exposed to energetic wind forcing (Llyn
Conwy, Wales, UK) is used as a case study for exploratory
modeling of the wind-driven circulation and its likely effect on
the distribution and stability of bottom sediments. Aspects of
the wind-driven circulation and the surface waves are validated
against field observations. The validated hydrodynamic model
is used to drive idealized sediment dynamics simulations that
examine the potential for sediment resuspension at all loca-
tions and depths in the lake. Particular emphasis is placed on
the potential for wind-driven currents to resuspend sediment
in deeper parts of the lake that would conventionally be
assumed to function as sinks for sediment-focusing processes.
Some implications of the findings for the selection of coring
locations for palaeoenvironmental studies are discussed.
Methods
Case study description
Llyn Conwy (Fig. 1) is a small (40 ha) upland lake situated
450 m above sea level in North Wales, UK (528 59056.400 N, 38
4908.400 W). The catchment has a maximum elevation of
526 m and a surface geology dominated by Ordovician vol-
canics and siltstones. Soils are predominantly blanket peats
(Patrick and Stevenson 1986) and influxes are dominated by
seepage from the peat around the lake shore and direct pre-
cipitation. Tiny streams that enter the lake contribute a
small fraction of the total water input and even after heavy
rainfall are insignificant drivers of the circulation. A single
regulated outflow into the River Conwy was inactive during
observation periods reported here.
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Bathymetry is characterized by a central basin with shal-
lower bays to the south and east. Mean and maximum
water depth are approximately 7.7 m and 22.0 m. The lake
is exposed to predominantly westerly to south-westerly
winds. Mean hourly wind speeds are about 10 m s21 and
peak hourly wind speeds exceed 30 m s21 (based on analy-
sis of 2006–2008 data from the Centre for Ecology and
Hydrology (CEH), Bangor). Mean annual air temperature
and precipitation are approximately 108C and 2300 mm
(Austnes et al. 2010).
Data acquisition
The entire shoreline is characterized by coarse lag gravels
and boulders, and a general absence of true lake deposits. Of
primary concern in this study are the fine lake muds depos-
ited in deeper water. The extent and composition of these
Fig. 1. Llyn Conwy location and composite bathymetry (depth contours in m). Locations of 1987 (CON4) and 2010 (CONLM1) cores and core
attempts; Ekman grab samples; ADCPs; wave sensors; and AWS also shown.
Morales-Marin et al. Hydrodynamic modeling of lake sediment focusing
3
deposits was investigated using Ekman grab samples that
were analyzed for loss on ignition (LOI) at 5508C, water con-
tent and grain size. Size analysis was performed using a Mal-
vern MasterSizer 2000 laser granulometer and summary
statistics (median diameter (d50) and sorting) determined
using Folk and Ward (1957) graphical measures.
The only previous investigation of the sediments at Llyn
Conwy has been the acquisition in 1987 of a single core
from a depth of 7.4 m on the western margin of the main
basin (CON4; Fig. 1). In the present study, an additional
core was recovered from a depth of approximately 9 m in
the eastern part of the basin (CONLM1; Fig. 1) using a modi-
fied rod-less piston corer (Chambers and Cameron 2001)
with a 7 cm diameter tube. The 1.2 m core was sliced at
1 cm intervals prior to determinations of bulk density, grain
size and LOI. Sub-samples were analyzed for 210Pb, 226Ra,
137Cs, and 241Am by direct gamma assay in the UCL Blooms-
bury Environmental Isotope Facility. Analysis was carried out
using an ORTEC HPGe GWL series well-type coaxial low
background intrinsic germanium detector. 210Pb was deter-
mined via gamma emissions at 46.5 keV and 226Ra by the
295 keV and 352 keV gamma rays emitted by its daughter
isotope 214Pb following 3 weeks storage in sealed containers
to allow radioactive equilibration. 137Cs and 241Am were
measured by their emissions at 662 keV and 59.5 keV
(Appleby et al. 1986). Absolute efficiencies of the detector
were determined using calibrated sources and sediment sam-
ples of known activity, and corrections made for the effect
of within-sample self absorption of low energy gamma rays
(Appleby et al. 1992).
Hydrodynamic modeling is critically dependent on the
quality of the bathymetry data (Cea and French 2012). The
earlier survey of Patrick and Stevenson (1986) was therefore
supplemented using a dGPS-equipped Raytheon sounding
system, especially to improve resolution in the shallower
bays.
Two field campaigns were undertaken in July 2010 and
April 2011 to acquire data to calibrate and validate the 3D
hydrodynamic model and validate a fetch-based wind wave
model. Vertical velocity profiles were obtained at two loca-
tions using a bottom-mounted RDI 1200KHz Workhorse Sen-
tinel Acoustic Doppler Current Profiler (ADCP 1 and 2 in
Fig. 1). The ADCP was set to record 3D velocities at a vertical
interval of 0.5 m, using ensembles of 150 pings to give a pre-
cision (standard deviation) of 60.057 m s21. Wind wave
measurements were undertaken at six locations around the
lake (W1–W6 in Fig. 1) using atmospherically vented Druck
PTX1830 pressure sensors sampled at 8 Hz using Campbell
CR10 data recorders onshore. Technical problems prevented
data capture at W1 and W2. Data blocks of 4096 near-bed
pressure readings were used to construct wave height param-
eters at the free surface (Lee and Wang 1984).
Meteorological data were obtained using a Davis Auto-
matic Weather Station (AWS) equipped with sensors for
wind speed (6 3% accuracy), direction (6 78 accuracy), air
temperature (accuracy618C), pressure (accuracy61 mB),
and relative humidity (accuracy63%). The AWS was
installed on an islet off the eastern shore of the lake (AWS in
Fig. 1), with the sensors 2 m above the water level. An addi-
tional AWS record from a data buoy maintained by CEH
(Bangor) between 2006 and 2008 was also acquired, together
with a 20 yr wind record for Capel Curig (UK Meteorological
Office station 1171), 13 km northwest of Llyn Conwy. The
Capel Curig data were empirically corrected with reference
to the Llyn Conwy AWS data to take account of differences
in location and altitude, to allow a more complete analysis
of the wind climate.
Computational modeling
FVCOM, an open-source 3D finite-volume model devel-
oped originally for ocean applications (Chen et al. 2004,
2011), was used to represent the wind-driven circulation.
The equations of mass, momentum, and temperature conser-
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where u, v, and x are the velocity components in x, y, and r
directions respectively; T is the water temperature; q is the
density; f is the Coriolis parameter; Km is the vertical eddy
viscosity coefficient; Kh is the thermal vertical eddy diffusion
coefficient; Am and Ah are the horizontal eddy and thermal
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diffusion coefficients, respectively. Km and Kh are parameter-
ized using the Mellor and Yamada (1982) MY2.5 turbulence
closure scheme, as modified by Galperin et al. (1988). Am
and Ah are specified using the Smagorinsky parameterization
(Smagorinsky 1963).
The boundary conditions for u, v, x, and T at the water
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where P^ and E^ are the precipitation and evaporation rates,
respectively; Qn is the surface net heat flux; SW(x,y,0,t) is the
shortwave flux incident at the water surface; Qb is the
groundwater volume flux at the bottom; X is the area of the
groundwater source; cp is the specific heat of water; a is the
bottom slope; and n is a horizontal axis.
Following Trenberth (1989), the shear stresses at the water













where wx, wy are the wind velocity components in x and y
respectively, qa is the air density, and Cdw is a drag coeffi-
cient. There is considerable scatter in experimental determi-
nations of Cdw (Yelland and Taylor 1996) and it also has
some dependence on wind speed. FVCOM implements this
as a constant term (Chen et al. 2011) and we use a value of
Cdw50.0025, appropriate to higher windspeeds.












where Cd is a drag coefficient determined by matching a log-











where j50.4 is the Von Karman constant and zo is the bot-
tom roughness parameter.
FVCOM models the transport of user-defined size classes
of cohesive and non-cohesive material. Each class has fixed
attributes of grain diameter, density, settling velocity, critical
shear stress for erosion, and erodability constant (Warner
et al. 2008; Chen et al. 2011). The suspended load model is


































where x, y, and z are the Cartesian coordinates; the sub-
indices i represent the sediment class; wi the settling veloc-
ity; and Ci the sediment concentration.










Here, Di is the depositional flux and the erosion rate (Ei) is
calculated as:
Ei5 dtQi 12Pbð Þfbi sbscriti21
 
(19)
where Qi is the erosive flux, Pb the bottom porosity, fbi the
fraction of sediment i in the bed, sb the bed shear stress, and
scriti the critical shear stress for erosion of sediment class i.
FVCOM represents the sediment bed as discrete layers ini-
tialized with a thickness, sediment-class distribution, poros-
ity, and age. At the beginning of each step, an active layer
thickness is calculated based on the relation of Harris and
Wiberg (1997),
za5max k1 sb2scritð Þqo;0½ 1k2d50 (20)
where scrit is the critical stress for erosion averaged over all
sediment classes; d50 the median grain size at the surface
and k1 and k2 are empirical constants (set to 0.007 and 6.0,
respectively). The exploratory modeling undertaken in the
present study considers only one class of sediment size frac-
tion within a single active layer to understand the potential
for currents within the deeper parts of the lake to resuspend
unconsolidated material at the bed.
FVCOM can be coupled with a spectral wave model but
this significantly increases computational effort for time-
dependent problems. To provide a more efficient means of
representing bottom stresses due to wind-waves and defining
the limit of the mud deposition zone, a new parameterized
fetch-limited wind wave model, UCL-SWM, was developed
(Morales-Marın 2013), based on linear wave theory and
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empirical relationships between the wave properties, wind
speed, fetch and depth (CERC 1984; Young and Verhagen
1996). UCL-SWM estimates wave height, period and fre-
quency, and computes the bottom shear stress due to waves
at each node of the FVCOM mesh. Within fetch-limited set-
tings, the accuracy of UCL-SWM-estimated wave heights is
comparable to the more sophisticated SWAN spectral wave
model (Booij et al. 1999), with both giving errors in wave
height<10%. However, UCL-SWM offers an order of magni-
tude improvement in computational efficiency (Morales-
Marın 2013).
UCL-SWM relates non-dimensional wave energy 5 g2E=
U410 and non-dimensional peak frequency m5 fU10=g to the
non-dimensional fetch v5 gx=U210 and non-dimensional water












where g is the gravitational acceleration, E is wave energy, f
is wave frequency, U10 is the wind velocity at an elevation of
10 m given by the expression U10=U5 10=zð Þ1=7, x is fetch
described as the distance between the point of computation
and the upwind shoreline, A150:493d
0:75, B153:13E210v0:57,
A250:331d
1:01, B255:215E24v0:73 and the following are
calibration constants (Morales-Marın 2013): a158.3E-3,
c151.74, a250.154, c2520.37. The value of d is calculated






d xð Þdx (23)
Significant wave height, H, is calculated from E5qgH2=8 and
wave period, T, from T5U=gv.
Following Dyer (1986), the bottom stress due to waves
(sw
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where fw is the friction factor, estimated as:
fw52 Rewð Þ21=2 (25)
where Rew5UbAb=m is the wave Reynolds Number. Wave
orbital velocity, Ub, and wave orbital amplitude, Ab, are esti-















gk tanh kdð Þ
p
: (28)
FVCM and UCL-SWM were implemented using an unstruc-
tured triangular discretization with 2028 elements (mean
length513 m) and 12 sigma layers in the vertical. FVCOM
was calibrated by adjusting the bottom roughness coefficient
zo to obtain the best fit with observed velocity magnitude
time series from ADCP-1. Initial conditions were zero veloc-
ity throughout the domain and a uniform temperature of
4.718C, guided by analysis of hourly thermistor string data
for 2006–2008 (which showed that the lake stays mixed
more than 40% of the time and that even in intermittent
stratified periods, the thermocline is weak). Further valida-
tion was undertaken with reference to observed velocity pro-
files from ADCP-2. The UCL-SWM wind wave model was
validated against wave heights and periods computed from
the near-bed pressure datasets.
No data exist with which to quantify sediment inputs
into Llyn Conwy. The small inflow streams conveyed no vis-
ible plumes of suspended material even after moderate rain-
fall. Channels cut to drain the upland peat in the mid-20th
century have now been blocked up (Patrick and Stevenson
1986) and contemporary input now largely reduced to seep-
age from the peat and erosion of peat outcrops around the
shoreline. Given the diffuse nature of the input, and the pri-
mary focus on the extent to which resuspension of existing
deep water deposits is possible during windy conditions, sed-
iment sources were neglected.
Model runs
Exploratory sediment dynamics model runs were forced
with hourly wind data for December 1997 (Fig. 2). This data-
set was chosen to be representative of extreme wind forcing
on account of its high mean wind speed (13.4 m s21) and
the occurrence of the highest hourly wind speed recorded
between August 1993 and August 2011 (39.5 m s21). Hourly
wind data were re-sampled to the model time-step of 1 s,
which was necessary to avoid numerical instabilities at wind
speeds>30 m s21.
Values for the critical stresses for erosion (scrit) and depo-
sition (scritd); the erosion rate constant (dE) and porosity (Po)
were obtained from a synthesis of the literature (including
Sheng and Lick 1979; Bengtsson and Hellstr€om 1992; Chao
et al. 2008). Model output included hourly values of sus-
pended sediment concentration (SSC) at every location
within the computational mesh, and the net erosion or
deposition at every location at the bed.
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Table 1 summarizes the parameter values and the sedi-
ment model runs undertaken. Two simulations using the
December 1997 meteorological data (runs S1 and S2) investi-
gate spatial patterns of erosion and deposition under trans-
port (infinite active layer thickness) and supply-limited
(finite active layer thickness) conditions. A second set of ide-
alized simulations uses the same wind speed time series but
applies different constant directions to examine the effect of
wind direction on current-generated bottom stress and the
implied bed sediment dynamics (runs S3 through S11). A
final set of runs explores the sensitivity to the suspended
and bed sediment parameters in the combined current and
wave model (runs S12 through S20).
Results
Lake bottom sediments
The Ekman grab campaigns resulted in sample recovery
from 25 locations, with three returning no sediment. Bottom
sediments fall into three distinct types: (1) highly organic
lake muds composed of largely of poorly consolidated peat
fragments; (2) clay- and silt-rich organic lake muds; and (3)
pre-Holocene (i.e., non-lacustrine) buff colored clay and silt
with a variable fine gravel fraction. In a few locations, nota-
bly in the north-eastern part of the basin, a sparse cover of
fine pebbles of compacted peat (mean diameter  5 mm)
were observed overlying pre-Holocene deposits. Along the
north shore and in parts of the deep central basin, no sedi-
ment was recovered, implying the absence of any Holocene
lake sedimentation. Figure 3A summarizes the distribution of
these sediment types. While wave-induced bottom stresses
clearly preclude fine sedimentation in many shallow mar-
ginal areas, it is notable that deeper parts of the basin that
lie well below the wave base (the depth at which wave
orbital velocities become insignificant, approximated as half
of the wave length; Reading and Collinson 1996) also lack
sediments. These areas do not all correspond to steep bottom
slopes, implying a hydrodynamic rather than topographic
control on sediment accumulation.
As Fig. 3B shows, sediment water content is greater within
the mud-dominated western and southern parts of the basin
(Ww>75%) than in the central and eastern areas floored by
pre-Holocene clays (Ww<45%). LOI, used as a proxy for
organic matter content, shows a more heterogeneous distri-
bution (Fig. 3C). The highest LOI (> 60%) occurs where peat
deposits have been laid down within sheltered shallow water
at the southern tip of the lake. More generally, lake muds
are characterized by 20<LOI<60%. Where pre-Holocene
clays persist on the bed, LOI<20%. More organic sediments
tend also to have high porosity (Ha˚kanson and Jansson
1983) and there is a strong correspondence between LOI and
Ww (r50.85; n525, p50.02).
Grain size analysis of mechanically resuspended bottom
samples (Fig. 3D; Supporting Information Table 1s) yielded
mean d50 values of 91.3 lm, 146.9 lm, and 40.2 lm for
organic, clay/silt-rich and pre-Holocene deposits respectively.
The first two classes were poorly sorted and the last very
poorly sorted. Ultrasonic treatment improved the sorting
and reduced the d50 to 21.9 lm, 26.0 lm, and 14.7 lm for
the organic, clay/silt-rich and pre-Holocene deposits, respec-
tively, attributable to the breakdown of large peat fragments
and composite particles.
Sediment particle densities, qs estimated using the density
bottle technique (Hilton et al. 1986b) on raw sediment sam-
ples were used in conjunction with the Stokes settling law to
estimate settling velocity, ws (Supporting Information Table
1s). This assumes spherical particles, which is hard to justify
given the fibrous nature of the organic fraction. However,
these calculations provide a first approximation of the likely
Fig. 2. (A) Hourly wind direction and (B) wind speed for December 1997, based on UK Meteorological Office MIDAS data for Capel Curig, empiri-
cally adjusted for Llyn Conwy with reference to CEFAS AWS data for 2006–2008.
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setting behavior for modeling purposes. A value of
ws52 mm s
21 was used for the initial sediment dynamics
simulations (S1 and S2, and S3 through S11; Table 1). This
corresponds to the d50 of the mechanically resuspended
organic lake mud deposits. Sensitivity analysis (runs S12
through S20) included the effect of using lower values of d50




Radiometric dating of the upper 0.40 m of the CONLM1
sediment core is summarized in Supporting Information
Table 2s. Total 210Pb activity reaches equilibrium with sup-
ported 210Pb at a depth of 0.27 m. Unsupported 210Pb activi-
ties calculated by subtracting supported from total 210Pb
activity decline irregularly with depth, which implies that
the sedimentation rate has varied over time. The inventory
of unsupported 210Pb indicates a mean flux to the core loca-
tion of 31 Bq m22 yr21. This is lower than the atmospheric
210Pb deposition flux for this region, implying that the core
site has experienced a degree of sediment focusing (i.e., pref-
erential deposition).
137Cs activity shows a significant peak at the sediment
surface and a down-profile tail of declining activity. 241Am
activity also peaks at the surface but is otherwise below the
limit of detection. Both 137Cs and 241Am fallout from atmo-
spheric nuclear testing peaked around 1963. Unlike 137Cs,
241Am is considered to be essentially immobile in vertical
sediment sequences (Appleby et al. 1991) and thus provides
an unambiguous 1963 marker. The presence of both 137Cs
and 241Am activity peaks at the surface suggests that the
very top of the profile is missing. Although it is possible that
the top of the sediment sequence was lost during coring, the
core was acquired and extruded with care and with a seem-
ingly intact sediment–water interface. Alternatively, there
may been a virtual cessation of sedimentation since the
mid-1960s or, more likely, several centimeters of surface
mud have been lost or re-mixed through post-depositional
processes.
The CONLM1 chronology suggests an average post 1836
rate of sediment accumulation of 0.0063 g cm22 yr21 or
0.22 cm yr21. As Fig. 4 shows, sedimentation appears to
increase significantly in the 1940s and 1950s, most likely
due to enhanced erosion within the catchment (Patrick and
Stevenson 1986). The CON4 core shows a similar mean sedi-
mentation rate of 0.28 cm yr21 with a longer phase of
increased sedimentation that declines through the 1960s,
with minor peaks into the 1980s. The basal rate is averaged
between 1900 and 1827. At 0.21 cm yr21, this is rather
higher than the rates for the same period in the CONLM1













Currents1waves Dec 1997 wind
S1 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
S2 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
Currents only Dec 1997 wind, with direction held constant
S3 actual directions 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
S4 08 wind direction 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
S5 458 direction 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
S6 908 direction 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
S7 1358 direction 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
S8 1808 direction 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
S9 2258 direction 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
S10 2708 direction 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
S11 3158 direction 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
Currents and waves: parameter sensitivity Dec 1997 wind
S12 0.091 1700 0.2 2 3 1025 0.05 0.04 0.76
S13 0.091 1700 0.2 2 3 1025 0.10 0.08 0.76
S14 0.091 1700 0.2 2 3 1025 0.20 0.16 0.76
S15 0.022 1850 0.015 2 3 1025 0.05 0.04 0.76
S16 0.022 1850 0.015 2 3 1025 0.10 0.08 0.76
S17 0.022 1850 0.015 2 3 1025 0.20 0.16 0.76
S18 0.091 1850 0.3 2 3 1025 0.05 0.04 0.76
S19 0.091 1850 0.3 2 3 1025 0.10 0.08 0.76
S20 0.091 1850 0.3 2 3 1025 0.20 0.16 0.76
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Fig. 3. (A) Classification of bottom sediment type based on Ekman grab returns; (B) sediment water content; (C) LOI (lake muds only); and (D) d50.
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core. While it is difficult to compare these curves directly, it
is tempting to interpret the distinct 1840, 1900, and 1950
maxima and deep intervening minima at CONLM1 as evi-
dence of a site generally conducive to sedimentation but
also subject to intermittent reworking under extreme wind
forcing events. Removal of poorly consolidated material at
the water–sediment interface would introduce step-like dis-
continuities in the age vs. sedimentation curve. A key ques-
tion to be investigated through exploratory sediment
dynamics modeling is whether such intermittent resuspen-
sion is plausible at the CONLM1 site in 9 m of water.
Hydrodynamic model calibration and validation
Comparison of observed and modeled velocity magni-
tudes at the surface and near the bed showed generally good
model performance (Supporting Information Fig. 1s). Nash-
Sutcliffe Efficiency (Nash and Sutcliffe 1970) (NSE) scores for
the optimal value of zo50.0277 m were 0.82 at the surface
and 0.67 near the bed. Both observed and modeled velocity
profiles (Supporting Information Fig. 2s) at times with strong
wind forcing showed a more-or-less easterly surface current
with a westward return flow at depth and a generally good
correspondence between modeled and ADCP profiles.
In spite of its assumption of uni-directional propagation
of waves and lack of wave diffraction and refraction, valida-
tion of UCL-SWM, against wind wave observations yielded
good performance for H at all stations. Supporting Informa-
tion Figure 3s shows modeled and observed significant wave
height, H, for stations 3 (NSE50.81), 4 (NSE50.48), 5
(NSE50.75), and 6 (NSE5074). Strong correlations (r>0.70)
between observed and simulated H and T further demon-
strate the ability of this semi-empirical model to estimate
spatial and temporal variation in wind wave characteristics.
There is some under-estimation of both wave heights (Sup-
porting Information Fig. 3s) and surface currents (Supporting
Information Fig. 1s) on Day 5. The fact that both are under-
Fig. 4. Sedimentation rate comparison between cores CON4 and CONLM1. Note that CON4 data are averaged for the period 1827–1900. [Color
figure can be viewed at wileyonlinelibrary.com]
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estimated suggests that this may be at least partly due to
error in the wind forcing applied during the simulation, pos-
sibly the assumption of a uniform wind field.
Spatial pattern of erosion and deposition
Figure 5 shows simulated short-term bed evolution over
the 31-d simulation period, disaggregated into regions of net
deposition and erosion, for runs S1 and S2. In the transport-
limited case, S1 (Fig. 5A), unlimited sediment supply from
shallow areas subject to strong wave action drives sediment
accumulation within the central part of the lake. The occur-
rence of winds and waves from all directions prevents
accumulation of muddy sediments around the entire shore-
line. The combination of extremely high wind speeds and
unlimited sediment supply accounts for unrealistically large
rates of deposition—two orders of magnitude higher than
recent historical rates inferred from the sediment cores (Fig.
4). Erosion is more localized, with “hotspots” along the
northern and eastern shores where wave-generated bottom
stresses are highest.
For the supply-limited scenario, S2 (Fig. 5B), lower abso-
lute rates of change are obtained. However, the extreme
wind forcing still drives deposition rates an order of magni-
tude greater than the long-term historic mean determined
Fig. 5. Spatial patterns of deposition and erosion (cumulative bed elevation change over the 31-d run) for (A) run S1: unconstrained and (B) run S2:
supply-limited. Locations of sediment cores CON4 and CONLM1 are indicated.
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Fig. 6. (A) Spatial patterns of erosion for S2 supply-limited run, showing only those areas below the approximate wave base determined using the
maximum wave height during the 31-d run; (B) maximum bottom shear stresses during S2 run with December 1997 forcing; (C) areas below wave
base showing net deposition during run S2. Gray shaded areas correspond to stotal<0.1 N m
2. Vectors indicate the velocity field at the bottom.
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from Fig. 4. As expected, the supply constraint is especially
evident in wave-eroded marginal source areas, although sig-
nificant erosion extends into deeper water (> 10 m) within
the eastern part of the basin; this area of net erosion is larger
with the reduction in sediment supply from shallower water
along the eastern margin of the lake. Foci of deposition
occur in the lee of the small island (AWS location in Fig. 1)
and several rock outcrops off the eastern shore that locally
reduce wave energy. In reality, variability in the wind and
wave direction precludes fine sediment accumulation in
these areas. Overall spatial patterns of net erosion and depo-
sition are broadly similar to those for S1.
Based on the computed wind wave characteristics, the
maximum wave base lies at a depth of approximately 3.0 m.
Widespread net erosion at depths below the wave base can
only be due to the currents and has implications for the effi-
cacy of sediment focusing into deeper waters, the selection
of locations for sediment coring, and the interpretation of
sediment cores. Figure 6A shows the areas of the lake bed
below the wave base that experience net erosion over the 31
d period of run S2. Figure 6B shows spatial variation in peak
bottom stress over this period. It is interesting to note that
sediment cores CON4 and CONLM1 both appear to lie just
outside this erosional zone within the zones of net sediment
deposition shown in Fig. 5. However, CONLM1 does lie
within the zone where peak bottom stresses just exceed the
critical bottom stress for erosion (scr50.1 Nm
22) used in run
S2. This implies that deposition here is not 100% continuous
and sediments may be reworked during extreme wind
events. Clearly this finding depends to some extent on the
Fig. 7. (a) Time variation in lake-average bottom stress due waves and currents; (b) time-variation in wave and current bottom stress computed for
selected depth ranges.
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value of scr and one should also acknowledge the positioning
uncertainty in the core locations. But this does show the
sensitivity of analyses of lake sediment sequences to the
location of the cores, especially in small lakes such as this
where gradients in topography, hydrodynamics, and sedi-
mentation can be quite steep. Considering only the area
below the wave base where net deposition occurs (Fig. 6C) it
is also evident that the maximum deposition does not occur
in the deepest part of the basin but on a plateau at interme-
diate depth. This is interpreted as a consequence of transport
of sediment from the east due to the high bed stresses gener-
ated by the westward near-bed return flow of the wind-
driven circulation. In the idealized simulations, this deposi-
tion is enhanced due to removal of the initial active layer
from the shallower wave-dominated shelf to the west; actual
deposition will likely be lower given that lake sediments are
largely absent in the wave-dominated zone.
The relative importance of waves and currents as drivers
of bed sediment dynamics varies over time and with depth.
Figure 7a shows time-variation in the proportion of the lake
bed that experiences sw> scrit50.1 N m
22 (waves) and
sc> scrit50.1 N m
22 (currents). At times of lower wind forc-
ing, waves in the shallower areas are the dominant factor
controlling sediment mobility at the bed. During the
extreme wind events, a much larger proportion of the bed is
potentially resuspended by currents. The partitioning of
these processes by depth is shown in Fig. 7b. Waves cease to
be effective in resuspending bottom sediments at depths
greater than about 3 m. Resuspension in deeper water is
solely due to currents but is much more intermittent.
It is interesting to consider spatial patterns of maximum
current-generated bottom stresses for a set of idealized con-
stant wind direction scenarios. Runs S3–S11 are forced by
the same December 1997 wind speed time series, but apply
constant wind directions in 45-degree bins (see Table 1 for
summary). The sediment model is unchanged from run S2,
except for the de-activation of the wave-generated bottom
stresses. Figure 8 shows the distribution of sc> scrit50.1 N
m22 for each constant wind direction bin. Run S3 (in the
center) shows the result using the actual (variable) wind
directions and is a current-only re-run of S2. From S3, it is
evident that currents alone can generate high bottom
Fig. 8. Spatial distribution of bottom stress due to currents (wave model de-activated) under idealized constant wind direction scenarios (runs S4–
S11), run S3 (variable wind direction) included in the center for comparison. See Table 1 for a summary of the model run parameters.
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stresses in deeper water. While the highest current stresses
occur in fairly shallow areas, sc>0.5 N m
22 (well above of
any realistic value for scrit) occurs even in the deepest parts of
the lake (water depth>20 m). The distribution of bottom
stress is quite different for each of the fixed direction bins
but, with the exception of southerly and easterly winds (run
S8 and S6, respectively), zones of high maximum stress always
occur in deep water. For the whole set of fixed direction runs
(S4–S11), no part of the lake bed below the wave base is sub-
ject to maximum current stresses above 0.25 N m22.
Sediment focusing analysis
The 210Pb chronologies for both the CON4 and CONLM1
cores (Supporting Information Table 2s; Fig. 4) imply a
degree of sediment focusing in Llyn Conwy since the cumu-
lative unsupported 210Pb inventory exceeds the mean atmo-
spheric flux for this region. However, both the distribution
of deposits within the lake and the modeled sediment
dynamics suggest that the mechanisms are more complex
than envisaged in a simple focusing model. Crucially, the
modeling predicts areas of net erosion well below the theo-
retical depth range of wind wave resuspension and even
larger areas of intermittent sediment resuspension in deeper
water.
An analysis of the relative temporal frequency of erosion
and deposition in the various depth zones, averaged over the
entire lake bed for model run S2, is presented in Fig. 9. The
frequency of erosion decreases exponentially from the
shallowest waters (h<2.7 m) where erosion occurs  64% of
the time to the deepest areas, where it occurs less than 2.5%
of the time. This is consistent with a negative (i.e., erosional)
vertical bed flux in the shallow water zone and a positive
(depositional) flux in deeper water. It also reflects the transi-
tion from regular wave-driven resuspension in shallow water
to increasingly intermittent resuspension by currents in
deeper water (see also Fig. 7). The most frequent deposition
( 68%) occurs at intermediate water depths 4.9h<7.0 m,
and not at the deepest water, where deposition actually
occurs less than 40% of the time. This finding can be
explained by the fact that the deepest areas experience long
periods during which current-generated bottom stresses
exceed the deposition threshold while remaining below the
erosion threshold. Such periods of effective bed stability are
much less frequent in shallower water, since they depend on
an absence of wave action and therefore calm weather condi-
tions, which are unusual at this site.
Parameter sensitivity
Analysis of the various parameter sensitivity runs (Table
1) showed relatively little sensitivity to the values of d50 and
ws in terms of the spatial variation in net erosion and sedi-
mentation and only a selection of the runs are summarized
here (Fig. 10). For the range of sediment size and settling
velocities used, the absolute bed level changes vary but the
spatial patterns of change and the boundary between erosion
and deposition are very similar. Variation in scrit clearly has
a greater influence on the frequency with which wind-driven
currents can mobilize lake bottom sediments. This is visual-
ized in Fig. 11, which shows that resuspension is possible at
depth even with an unrealistically high value of scrit50.2 N
m22. Most of the simulations reported here use a fairly con-
servative value of scrit50.1 N m
22; adoption of the possibly
more realistic value of scrit50.05 N m
22 significantly
increases the prevalence of deep-water resuspension under
strong wind forcing.
Discussion
Evaluation of alternative sediment focusing mechanisms
Not all of the four sediment focusing mechanisms identi-
fied by Hilton et al. (1986a) are relevant to Llyn Conwy.
Given that this lake is oligotrophic, hosts virtually no
aquatic macrophytes and has extremely low turbidity and
nutrient loadings, the organic degradation mechanism can
be readily discounted here.
The second factor, sliding and slumping, may be more
significant. According to Ha˚kanson (1977), sediment will not
accumulate on slopes>14%. Below 4%, slope has no effect.
A bottom slope map for Llyn Conwy (Fig. 12A) reveals a con-
centric zone around the deepest basin in which slopes
exceed 10%. Slopes<5% are found in the center of the
basin, shallower areas along the western and eastern shores,
and in the southern embayment. Shoreline slopes are
Fig. 9. (A) Frequency (% of the total time) of erosion and deposition
vs. water depth. Note that frequencies do not sum to 100% because for
some of the time the bottom stress is between the erosion and deposi-
tion thresholds used in the present simulations; (B) time- and space-
averaged bed flux (erosion negative) vs. depth. [Color figure can be
viewed at wileyonlinelibrary.com]
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relatively consistent at around 7%, except in the north and
northeast, where slopes are as steep as 23%.
Application of the Ha˚kanson (1977) slope classification
(Fig. 12B) shows that more than 70% of the bed is likely to
accumulate sediments. The remaining 30% of the bed is con-
ducive to sliding or by rotational failure, and focusing of
sediments toward deeper water. Potential sediment pathways
can be visualized by constructing a slope network (Fig. 12C).
Short paths across steeper slopes will likely be most effective
in facilitating sliding of material into the deepest parts of
the lake. Comparison of the slope zones with the observed
distribution of bottom sediments (Fig. 3A) shows that steeper
slopes along the northern margin are, as expected, free of
lake sediments. However, the sediment deficient zone east of
the central basin covers not only steeper slopes (e.g., A1 in
Fig. 12A), but also a broad shelf (A2 in Fig. 12A). The western
Fig. 10. Spatial patterns of deposition and erosion (cumulative bed elevation change over the 31-d run) for selected parameter sensitivity runs S13,
S16, and S19 (variation in d50 and ws). For parameter values see Table 1.
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margins of the basin appear to be mantled with sediment
despite extensive areas of intermediate gradient and localized
slopes>14%. Slope is certainly a potential factor controlling
sedimentation in Llyn Conwy and may be responsible for
disturbances to the sediment sequence (e.g., by slope fail-
ures) that sparse grab sampling and coring cannot resolve.
An early application of seismic stratigraphic survey by Cro-
nin et al. (1993) to another small upland lake in Wales
found limited evidence for slumping of highly organic sedi-
ments on slopes of about 15 degrees (26%) and it would be
interesting to undertake bed imaging (e.g., using sidescan
sonar) in Llyn Conwy to investigate the prevalence of slides
and slumps.
Hilton et al. (1986a) also describe a process that they
term “intermittent complete mixing,” driven by widespread
resuspension, mixing, and settling. This leads to sediment
focusing by virtue of the greater water column sediment
mass in deeper water. The exposure of Llyn Conwy to strong
south-westerly winds, leads to persistent overturn during
winter and autumn, and intermittent but frequent mixing in
summer. Such behavior is only possible in smaller lakes, and
the rapid breakdown of the thermocline is one factor that
allows resuspension of sediment in deeper water. As the
exploratory modeling presented here shows, the wind-driven
circulation can be quite complex and high bottom stresses
can be generated by currents in the deepest parts of a lake.
In the case of Llyn Conwy, this means that a large propor-
tion of the lake bed experiences resuspension of sediments
at least some of the time (Fig. 7).
The fourth mechanism, peripheral wave action is clearly
important in Llyn Conwy. Despite the limited fetch, signifi-
cant wave heights of 0.3 m commonly occur, with heights
up to 0.8 m along the northern and eastern shores in the
December 1997 simulations. This precludes sediment accu-
mulation, such that the shores are dominated by coarse lag
deposits. Our exploratory modeling shows that wave-
generated bed stresses are typically a order of magnitude
greater than those due to currents in shallow water areas.
The wave base (and therefore the mud deposition boundary)
is approximated by the 3 m depth contour in the most
exposed locations. Sediment resuspended by waves is effi-
ciently transported out to deeper water, where settling
occurs. In Esthwaite Water, Hilton et al. (1986a) found that
6% of the total variance of the accumulation rate estimated
by sediment traps was due to wave action, manifest as a neg-
ative correlation between sedimentation rate and fetch. Simi-
lar studies of lakes in the Muskoba-Haliburton region of
Canada (Hilton 1985) also implicate peripheral wave action,
in conjunction with intermittent complete mixing, as the
main mechanisms of sediment focusing.
The above analysis suggests that three of the four mecha-
nisms that Hilton et al. (1986a) associate with sediment
Fig. 11. Time variation in lake-average bottom stress due waves and currents for parameter sensitivity runs S12, S13, S14, showing the effect increas-
ing critical stress for erosion (scrit50.05 Nm
22, 0.1 Nm22, and 0.2 Nm22, respectively).
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focusing are potentially important in Llyn Conwy and possi-
bly within oligotrophic upland lakes in general. Intermittent
complete mixing and peripheral wave action appear to be
the most important based upon the observations and model-
ing presented here.
Implications for environmental reconstruction based on
lake sediment cores
Reconstruction of environmental change from lake sedi-
ment sequences depends on the acquisition and analysis of
core samples from sites of continuous sediment accumula-
tion (Ha˚kanson and Jansson 1983). The basic sediment
focusing model (Lehman 1975; Blais and Kalff 1995) pro-
vides one means of, a priori, selecting suitable locations
based on bathymetric data alone. Such work has been
extended in two main directions. First, various workers have
attempted to improve the statistical basis for sampling by
considering the number of cores necessary to provide an
acceptable level of precision in the estimation of whole lake
sedimentation rates (e.g., Ha˚kanson 1984; Baudo et al. 1989;
Floderus 1989). Second, efforts have been made to improve
the dynamic basis of the sediment focusing model. These
have mostly involved modeling of wave-driven redistribu-
tion of sediment from shallow to deeper water (e.g., Sheng
and Lick 1979; Bengtsson and Hellstr€om 1992; L€ovstedt and
Bengtsson 2008). Rowan et al. (1992) quantified the mud
deposition boundary depth and used this to determine the
locate and optimize the number of cores needed to estimate
mean sedimentation rates (Rowan et al. 1995). More
recently, Mackay et al. (2012) examined the effects of wind-
waves, currents and bed slopes and wind-induced currents,
on sediment redistribution and argued that the heterogene-
ity of carbon and phosphorus deposition patterns in small
lakes is largely due to such factors.
Our study of Llyn Conwy reveals a patchy distribution of
lake sediments even within these deeper waters that is con-
trolled not only by wave-driven transfer from shallow to
deep water and by redistribution down-slope, but also by
wind-driven currents. Exploratory numerical modeling also
shows that near-bed currents are able to generate bottom
stresses in excess of plausible critical stresses for erosion.
Although areas with no sedimentation account for a fairly
small proportion of the lake bed, currents are clearly capable
of intermittently re-suspending deep water sediments, dis-
turbing otherwise continuous depositional sequences. A pri-
ori prediction of these zones is difficult since the wind-
driven circulation is governed by complex non-linear inter-
actions between meteorological forcing and lake geometry.
These can only be understood and predicted through physi-
cally based modeling of the kind reported here.
Fig. 12. Summary analysis of Llyn Conwy bottom slope: (A) spatial
variation in bottom slope; (B) bottom slope classified according to
Ha˚kanson (1977) scheme; (C) downslope pathways for slopes>4.
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Conclusions
This study has used a three-dimensional numerical hydro-
dynamic and suspended sediment model in combination
with a semi-empirical wind wave model to investigate the
extent to which sedimentation accumulation in upland lakes
is controlled by focusing of sediments toward a deep-water
sink. Exploratory simulations of wave- and current-generated
bottom stress and suspended sediment dynamics in a small
oligotrophic upland lake confirm the expected importance
of peripheral wave action as a sediment focusing mecha-
nism. In deeper water, wind-driven currents become the
dominant contributor to bottom stress. Strong wind forcing
drives an energetic circulation with peak bottom stresses
that intermittently exceed any realistic erosion threshold
over a most of the lake bed at depths far below those at
which waves can be effective. The spatial distribution of lake
sediments, and the completeness of the sediment record, is
thus determined by a complex interaction between wind-
driven circulation and bathymetry, rather than by continu-
ous accumulation in the deepest part of the basin. Although
our sediment dynamics simulations are purely exploratory,
the results are consisted with survey results that show a
patchy distribution of deep-water accumulation.
These findings have implications for palaeolimnological
studies, which often rely on the acquisition of cores from
the deepest location of a lake on the assumption that sedi-
mentation here is relatively rapid and also continuous.
Given that bathymetric and meteorological data are often
available, hydrodynamic modeling of the wind-driven circu-
lation should be more widely used to refine selection of cor-
ing locations and also to determine the likely frequency and
extent of sediment reworking and its effect on the various
palaeoenvironmental proxies of interest.
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